Introduction
============

Spaceflight causes some significant physiological and pathological changes in various organ systems of astronauts.^[@bib1]^ The main physiological effects of spaceflight in the body are bone loss, muscle atrophy, metabolic disorder and cardiovascular problems.^[@bib2]^ The liver plays important roles in maintaining metabolic homeostasis. Carbohydrates, lipids and enzymes have been reported to be changed under microgravity.^[@bib3],\ [@bib4],\ [@bib5],\ [@bib6]^ Several studies have demonstrated that glycogen, alanine aminotransferase (ALT) and aspartate aminotransferase (AST) of the liver were significantly impacted by spaceflight in humans and rats and by tail suspension (TS) in rats,^[@bib7],\ [@bib8],\ [@bib9]^ which suggested that microgravity would lead to liver function derangement. In addition to these alterations of biochemical indexes, simulated microgravity (SMG) induced mild portal endotoxemia, which may contribute to hepatic injury and trigger hepatic apoptosis.^[@bib8],\ [@bib9]^ These results support the view that the liver is a vulnerable organ during spaceflight. We know that hepatocyte proliferation is associated with various types of liver injuries.^[@bib10],\ [@bib11]^ However, the changes and mechanism of hepatocyte proliferation under microgravity have not been elucidated.

The liver is an amazing organ that has the extraordinary capacity to regenerate from various types of injuries and maintain some vital functions.^[@bib12],\ [@bib13]^ The liver is capable of restoring 70% tissue loss within a few weeks, which depends on the activation of dormant stem cells, transdifferentiation, metaplasia or compensatory proliferation of quiescent hepatocytes.^[@bib11]^ Liver regeneration is a highly orchestrated process controlled by coordinated signaling events, including inflammatory factors, growth factors, miRNAs and metabolic networks that link liver function to cell growth and proliferation.^[@bib10]^ During acute injury, inflammatory factor (TNFα, IL-6 and so on) signaling directs an immediate-early gene expression program that induces hepatocytes to re-enter the cell cycle, proliferate and replenish the lost tissue.^[@bib14],\ [@bib15],\ [@bib16]^ Increasing evidence has suggested that cell proliferation, apoptosis, tissue remodeling and tumorigenesis are tightly regulated by microRNAs (miRNAs).^[@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21]^ Altered expression of miRNAs has been implicated in a variety of liver diseases, although the underlying mechanisms of the influence of miRNAs on liver disease remain largely unknown.^[@bib20]^ MiRNAs have been demonstrated to be able to regulate hepatocyte proliferation during liver regeneration in a rodent partial hepatectomy model. For example, miRNA-21, miR-382 and miRNA-221 accelerate hepatocyte proliferation after partial hepatectomy by targeting cyclin D1, PTEN-Akt axis and Arnt, respectively.^[@bib17],\ [@bib22],\ [@bib23]^ Other results have shown that downregulation of miR-127 and miR-26a promotes mouse hepatocyte proliferation during liver regeneration by targeting CCNE2 and Bcl6, Setd8 and CCND2, respectively.^[@bib24],\ [@bib25]^ MiR-9a, miR-223, miR-27a, miR-133a, miR-145, miR-150 and miR-153 have been shown to be involved in liver cell proliferation and cell cycle control.^[@bib26],\ [@bib27],\ [@bib28],\ [@bib29],\ [@bib30]^ Previous results have demonstrated that miR-223 is widely expressed in multiple cell types and tissues, including myeloid cells,^[@bib31]^ hepatocytes,^[@bib32],\ [@bib33]^ cardiomyocytes,^[@bib34]^ the ovary^[@bib35]^ and prostate,^[@bib36]^ and play important roles in inflammation, type 2 diabetes, lipid and cholesterol metabolism, bone metabolism and cell proliferation. Multiple cell cycle regulators such as E2F1, Fbxw7/Cdc4, IGF-1R, Cdk2 and TOX have been indicated to be regulated by miR-223.^[@bib37],\ [@bib38],\ [@bib39],\ [@bib40]^ In view of these data, miR-223 could regulate the cell cycle control in hepatocytes. Recently, changes in miRNA expression profiles have been shown in mammalian cells and organs under SMG,^[@bib41],\ [@bib42],\ [@bib43],\ [@bib44]^ but the involvement of miRNAs in the regulation of liver function and hepatocyte proliferation has rarely been reported.

Here we demonstrated that the enzyme activity of ALT, AST and alkaline phosphatase (ALP) was considered abnormal and hepatocyte proliferation was inhibited in rats under SMG. The further investigations showed that the elevation of miR-223 contributed to the retarded hepatocyte proliferation, at least in part, by targeting CDK2 and CUL1. In addition, the decreased level of CDK2 and CUL1 was related to the upregulation of p27 *in vitro* and *in vivo*, which may be responsible for retarding hepatocyte proliferation. Our findings provide a new role for miR-223 in the regulation of the physiological and pathological function of the liver.

Materials and methods
=====================

Animals
-------

All animal protocols were performed in accordance with the standard ethical guidelines and were approved by the Institutional Review Board of China Astronaut Research and Training Center. Sprague Dawley rats were purchased from the Animal Center of the Academy of Military Medical Sciences (Beijing, China). Forty male rats aged 7 weeks were allowed to acclimatize to their new surrounding for 1 week as singletons, and had free access to water and standard chow under a 12 h/12 h light/dark cycle.

Tail suspension rat model
-------------------------

The rats were randomly assigned into the control group (*n*=10) and the TS groups (*n*=30). The experimental time line is shown in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}. Rats in the TS groups were tail-suspended as in the following description for 6, 4 or 2 weeks (TS-42, TS-28 and TS-14 group, respectively; 10 rats in each group). The TS procedure was performed as previously described^[@bib45]^ with minor modifications. Briefly, the rats were suspended by their tails using a strip of adhesive surgical tape attached to a chain hanging from a beam. The rats were posed at a 30° angle to the floor with only the forelimbs touching the floor and were allowed to move freely to have food and water. The control rats were singly housed in the same cage without TS.

Tissue collection
-----------------

At the end of the animal experiment, all rats were anesthetized with 1% sodium pentobarbital (45 mg kg^−1^). The blood was collected by cardiac puncture. The whole blood was separated into serum and cellular fractions by centrifugation at 2000 *g* for 10 min at 4 °C. The supernatant serum was stored at −80 °C until analysis. The liver was fixed with 4% paraformaldehyde for immunostaining or frozen in liquid nitrogen for gene expression analysis.

Serum samples were performed to detect the level of ALT, AST and ALP liver enzymes for liver function by biochemical analysis (Beijing North Institute of Biological Technology, China).

Cell culture
------------

Hepa1-6 cells were cultured in Dulbecco\'s Modified Eagle Medium (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum, streptomycin (100 μg ml^−1^) and penicillin (100 U ml^−1^) at 37 °C with 5% CO~2~. Hepa1-6 cells were plated in 12-well plates with 1 × 10^5^ cells per well for 24 h. Then, 100 n[M]{.smallcaps} of miR-223 mimic or negative control miRNA (Genepharma, Suzhou, China) was transiently transfected using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA) for 48 h. The cells were then lysed by RIPA buffer for western blotting.

Cell proliferation assay
------------------------

Cell proliferation assays were performed using the MTS reagent (Promega, Madison, WI, USA) according to the manufacturer's instructions. In brief, Hepa1-6 cells were seeded on 96-well plates with 8 × 10^3^ cells per well and, once 70% confluent, subjected to transfection with miR-223 mimic or negative control (Genepharma) using Lipofectamine 3000. After 24, 48 or 72 h of transfection, MTS was added at 20 μl per well for 2 h. Absorbance of the supernatant was measured at 490 nm using a microplate reader (μ-Quant; Bio-Tek Instruments, Winooski, VT, USA). All experiments were repeated three times.

Quantitative real-time PCR
--------------------------

Total RNA was isolated from rat liver by using standard TRIzol-based protocols according to the manufacturer's instructions. Here, 1 μg total RNA was used to synthesize complementary DNA by using the PrimeScript RT reagent Kit (Takara, Dalian, China; code no.: RR047A). For the miRNA assay, the miRNAs were reverse transcribed with the Mir-X miRNA First-Strand Synthesis Kit (Takara; code no.: 638313). Expression levels of different cell cycle genes and miRNAs were detected by a SYBR Premix Ex Taq II (Tli RNaseH Plus) Kit (Takara; code no.: RR820A) using the ROCHE LightCycler 96 system (Roche, Basel, Switzerland). The rat genes of β-actin or U6 were used as internal reference genes for mRNA and miRNA, respectively. All of the cell cycle genes and miRNA primers for reverse transcription-quantitative polymerase chain reaction (RT-qPCR) are listed in [Supplementary Tables S1 and S2](#sup1){ref-type="supplementary-material"}.

Immunostaining
--------------

All of the fixed samples were dehydrated in a graded alcohol series. Tissue samples were eventually embedded in paraffin before being sectioned. The rehydrated sections were employed for immunostaining. Primary antibodies specific to Ki67 (Epitomics, Burlingame, CA, USA), PH3 (Cell Signaling Technology, USA) and PCNA (Cell Signaling Technology, Beverly, MA, USA) were used. Sections incubated without primary antibodies were used as negative controls. High-temperature heating was used for antigen retrieval. A Histostain-SP Kit (Zhongshan Golden Bridge Biotechnology, Beijing, China) was applied to visualize the antigen. For immunofluorescence, liver sections (8 μm) were fixed in 4% paraformaldehyde solution. Primary antibodies specific to p27 (ABclonal Technology, Wuhan, China) were used, and the sections were stained with Cy3-labeled secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) before being counterstained with 4′,6-diamidino-2-phenylindole. Immunofluorescence images were captured via a Leica TCS SP5 confocal scanning laser microscope (Leica, Solms, Germany).

Western blotting
----------------

Liver and whole-cell lysates were prepared using RIPA buffer (50 m[M]{.smallcaps} Tris-HCl (pH 7.4), 150 m[M]{.smallcaps} NaCl, 1% NP-40, 1 m[M]{.smallcaps} EDTA and 0.1% sodium dodecyl sulfate) containing protease inhibitor cocktail (Roche) and then each sample was kept on ice for 30 min before it was centrifuged at 13 000 r.p.m. for 30 min at 4 °C. The protein concentration of the supernatant was determined with a bicinchoninic acid protein assay kit according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA, USA). Proteins were subjected to 10% polyacrylamide gel electrophoresis and then transferred onto a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). Membranes were blocked with 5% skim milk in Tris-buffered saline with 0.1% Tween 20 for 1 h and then incubated overnight with a primary antibody diluted in 5% bovine serum albumin at 4 °C. Specific antibodies to p27, CDK2, CUL1 (ABclonal Technology), PCNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA), cyclin D1 (Invitrogen), cyclin D3 and GAPDH (Cell Signaling Technology) were used. GAPDH served as a loading control. The membranes were incubated in appropriate secondary antibodies conjugated to horseradish peroxidase (Cell Signaling Technology) for 2 h. The signals were detected using enhanced luminescence (Bio-Rad, Hercules, CA, USA) after washing three times. The intensity of the protein bands was quantified by using ImageJ software (National Institutes of Health, Windows version, Bethesda, MD, USA).

Recombinant plasmid construction and dual luciferase assay
----------------------------------------------------------

The 3′-UTR fragments of *CDK2* and *CUL1* containing the predicted miR-223-binding sites were amplified by PCR using the primers ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}) and cloned into the pGL3-Promoter plasmid (Promega) downstream of the promote, with the resulting fragments named pGL3-WT-CDK2 and pGL3-WT-CUL1. Site-directed mutant vectors (base substitutions) were generated by using the KOD Plus Mutagenesis Kit (TOYOBO, Osaka, Japan) following the manufacturer's instructions and named pGL3-MUT-CDK2 and pGL3-MUT-CUL1. For the luciferase reporter assays, Hepa1-6 cells with 70% confluence were grown in 48-well plates and transfected with 100 ng of WT or mutant vectors (pGL3-MUT-CDK2, pGL3-MUT-CUL1, pGL3-MUT-CDK2 and pGL3-MUT-CUL1) and 100 n[M]{.smallcaps} miR-223 mimic (Genepharma) or negative control using Lipofectamine 3000. As an internal control, 10 ng pRL-TK vector (Promega) was co-transfected for normalization of the transfection efficiency. Cells were lysed and the luciferase reporter activity was assayed 48 h after transfection using the dual luciferase assay kit (Promega) following the manufacturer's protocol.

Statistical analysis
--------------------

Each experiment was repeated at least three times with independent samples. Statistical analysis was performed using a two-tailed Student's *t*-test by SPSS software (version 17.0; SPSS, Chicago, IL, USA). The data are expressed as the mean±s.e.m. *P*-value \<0.05 was considered statistically significant (\**P*\<0.05, ^\*\*^*P*\<0.01).

Results
=======

Liver function was impaired under SMG
-------------------------------------

It has been firmly established that microgravity induces alteration of hepatic function and metabolism.^[@bib7],\ [@bib8],\ [@bib9],\ [@bib46]^ In our study, we first detected the rat serum levels of AST, ALT and ALP, which are the classical biomarkers for liver function evaluation. As shown in [Figure 1](#fig1){ref-type="fig"}, the enzyme activity of AST and ALT were significantly raised in the TS-14, TS-28 and TS-42 groups. In contrast, SMG markedly decreased the enzyme activity of ALP in all three TS groups compared to that in the control groups. Ours and others' results demonstrated that SMG induced hepatic injury and impaired liver function.

Hepatocyte proliferation was inhibited under SMG
------------------------------------------------

Hepatocyte proliferation is known to be essential for the maintenance of normal liver function under various types of injuries. Thus, we detected the hepatocyte proliferation status with Ki67, PCNA and PH3 immunostaining in experimental rats. As shown in [Figure 2a and b](#fig2){ref-type="fig"}, the cell number of Ki67-positive hepatocytes was significantly decreased in the TS-14, TS-28 and TS-42 groups compared with that in the control group. The levels of PCNA, another marker of cell proliferation, also declined in the different TS groups as shown by the immunostaining and western blotting analysis ([Figure 2a and d](#fig2){ref-type="fig"}). We further detected the M-phase marker PH3 by using immunostaining. The results showed that SMG also diminished the cell number of PH3-positive hepatocytes in all of the investigated time points ([Figure 2a and b](#fig2){ref-type="fig"}), which was the same pattern observed with Ki67 and PCNA. These results demonstrated that fewer hepatocytes entered the cell cycle in the TS groups than the control group and the hepatocyte cell cycle was arrested by SMG.

Positive cell cycle regulators were downregulated under SMG
-----------------------------------------------------------

To clarify the defects in cell cycle progression under SMG, we detected the expression of positive cell cycle regulators by using RT-qPCR and western blotting. As shown in [Figure 2c](#fig2){ref-type="fig"}, the mRNA expression of *CCNA2* and *CCND1* were inhibited in the TS-14, TS-28 and TS-42 groups compared with that in the control group. Downregulation of *CDK1* and *CDK2* was also found in all TS groups. Other cell cycle modulators such as *CCNA1*, *CCNB1* and *CKD4* did not show significant differences between the TS and control group ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). We also found that expression of the proliferation-specific Forkhead Box M1 (*FOXM1*) gene was remarkably decreased in all TS groups by using RT-qPCR analysis ([Figure 2c](#fig2){ref-type="fig"}). In addition, compared with that of control, the protein levels of cyclin D1, cyclin D3 and CDK2 were markedly declined in the TS-14, TS-28 and TS-42 groups, as shown by the western blotting analysis ([Figure 2d](#fig2){ref-type="fig"}). These results revealed that the cell cycle control of hepatocytes was dysregulated under SMG.

miR-223 was upregulated in the liver of TS rats
-----------------------------------------------

Recently, miRNAs were found to play important roles under microgravity.^[@bib41],\ [@bib42],\ [@bib43],\ [@bib44]^ Therefore, we screened a set of miRNAs that was demonstrated to participate in the regulation of cell proliferation using RT-qPCR analysis. We observed that miR-223 was elevated in the rat liver of the TS groups compared to that in the control group ([Figure 3](#fig3){ref-type="fig"}), while there were no notable changes in the expression of miR-9a, miR-27a, miR-133a, miR-145 and miR-153 detected at these TS time points ([Figure 3](#fig3){ref-type="fig"}). These results indicated that miR-223 might regulate hepatocyte proliferation under SMG.

miR-223 suppressed cell growth by targeting CDK2 and CUL1
---------------------------------------------------------

To verify the biological role of miR-223 in hepatocyte proliferation, we transfected miR-223 mimic or negative control into Hepa1-6 cells. By using the MTS assay, we observed a significant decrease in the viability of Hepa1-6 cells in the group transfected with miR-223 mimic compared with that in the negative control ([Figure 4a](#fig4){ref-type="fig"}). More importantly, the western blotting assay showed that the protein levels of PCNA and cyclin D1 were reduced in the miR-223 mimic treatment group compared with that in the control ([Figure 4b](#fig4){ref-type="fig"}). These results indicated that miR-223 could inhibit Hepa1-6 cell growth *in vitro*.

To identify the direct targets of miR-223, we first predicted the targets using the online miRNA target databases ([www.TargetScan.org](http://www.TargetScan.org)) and found that Cdk2 and Culin1 (Cul1) may serve as potential targets of miR-223. Then, the 3′-UTR of Cdk2 and Cul1 containing the putative miR-223-binding sites were individually cloned into a luciferase expression plasmid (PGL3 promoter). We also generated their mutated vectors in which some nucleotides of the seed sequence were replaced as shown in [Figure 5a and b](#fig5){ref-type="fig"}. Here, miR-223 mimic significantly reduced the luciferase activity of pGL3-WT-CDK2-3′-UTR and pGL3-WT-CUL1-3′-UTR, after normalizing to Renilla-luciferase transfection controls. However, miR-223 mimic failed to knockdown the luciferase activity of their mutated vectors ([Figure 5c and d](#fig5){ref-type="fig"}).

To determine the effects of miR-223 on its targets, we transfected Hepa1-6 cells with miR-223 mimic or negative control. As shown in [Figure 5e](#fig5){ref-type="fig"}, the protein levels of CDK2 and CUL1 were significantly reduced in miR-223 mimic-transfected cells, as indicated by western blotting analysis.

To verify the relationship between miR-223 and CUL1 *in vivo*, we detected the mRNA and protein level of CUL1 in the rat liver under SMG. As shown in [Figure 5f and g](#fig5){ref-type="fig"}, RT-qPCR and western blotting analysis showed that there were extremely lower levels of CUL1 mRNA and protein in the rat liver of the three TS groups. These results showed that the upregulated miR-223 was negatively associated with the expression of CUL1 and implied that miR-223 inhibited CUL1 expression in the liver under SMG. Thus, these results revealed that miR-223 targeted CDK2 ([Figures 2c and d, and 5c and e](#fig2){ref-type="fig"}) and CUL1 ([Figures 2e, and 5d, f](#fig2){ref-type="fig"} and [g](#fig5){ref-type="fig"}) and suppressed their expression.

SMG upregulated p27 in the rat liver
------------------------------------

CUL1, as an essential component of the SCF (SKP1-CUL1-F-box protein) E3 ubiquitin ligase complex, plays an important role during the ubiquitination-mediated degradation of p27, which is involved in cell cycle control by negatively regulating cyclin-CDK complexes.^[@bib47],\ [@bib48],\ [@bib49]^ Previous reports also demonstrated that cyclin E-CDK2 was a regulator of p27^[@bib47]^. Thus, we speculated that p27 could be regulated under SMG. The immunofluorescent staining and western blotting results showed that the p27-positive hepatocyte cell numbers were notably increased in the TS-14, TS-28 and TS-42 groups compared with that in control ([Figure 6a and b](#fig6){ref-type="fig"}), and the protein level of p27 was significantly upregulated in the three TS groups ([Figure 6c](#fig6){ref-type="fig"}). *In vitro*, miR-223 mimic significantly increased the protein level of p27 compared with that of the negative control ([Figure 6d](#fig6){ref-type="fig"}). These results suggested there should be a negative correlation between CUL1/CDK2 and p27 *in vivo* and *in vitro.*

Discussion
==========

The effects of microgravity on the liver began to be investigated after spaceflight missions in the 1980s, including its effects on carbohydrate and lipid metabolism and enzyme activity.^[@bib3],\ [@bib4],\ [@bib5],\ [@bib6],\ [@bib50],\ [@bib51]^ Previous reports have shown that microgravity induces hepatic injury and apoptosis.^[@bib8],\ [@bib9]^ It is well known that hepatocyte proliferation is associated with various types of injuries; however, less is known regarding the connection between liver function injury and hepatocyte cell cycle control under microgravity. Here we tried to uncover the answer to this question and explore the potential mechanism using a TS rat model to simulate microgravity.

In the present study, we first confirmed that the liver function was abnormal under SMG reflected by the enzyme activity of ALT, AST and ALP, which was consistent with previous reports and implied some degree of hepatic injury. Furthermore, using immunohistochemical staining, we found that the expression of proliferation markers Ki67, PCNA and PH3 was significantly decreased, which was coincident with the downregulation of positive cell cycle molecules (*CCNA2*, *CCND1*, *CDK1* and *CDK2*) in the TS rat liver. Therefore, our results indicated that microgravity potentially suppressed hepatocyte proliferation, which was not beneficial in the maintenance of liver homeostasis. Based on this, we should be concerned about the status of hepatocyte proliferation during long-term spaceflight in the future.

miRNAs are small noncoding RNAs and have been demonstrated to regulate a wide spectrum of biological processes.^[@bib52],\ [@bib53]^ Recently, specific miRNAs have been shown to be altered under real microgravity or SMG conditions.^[@bib41],\ [@bib42],\ [@bib43],\ [@bib44]^ Next, we detected several miRNAs that have been reported to mediate hepatocyte proliferation by RT-qPCR analysis and found that only miR-223 was significantly elevated in the rat liver of the TS groups compared with that of control. Previous studies have demonstrated that miR-223 regulated the cell cycle by targeting E2F1, Fbxw7/Cdc4, IGF-1R, Cdk2 and TOX.^[@bib37],\ [@bib38],\ [@bib39],\ [@bib40]^ Overexpression of miR-223 resulted in the downregulation of c-Myc in HepG2 cells and growth inhibition of HBx-transfected HepG2 cells.^[@bib54]^ Here we also observed that the proliferation of Hepa1-6 cells was significantly decreased after miR-223 mimic transfection. Our results and previous reports suggested that miR-223 may play a key role in the regulation of hepatocyte proliferation under SMG.

To address how miR-223 affected hepatocyte cell growth, some potential and putative mRNA targets were identified, such as CDK2 and CUL1. CDK2 has been shown to be a target of miR-223 in a Lewis lung carcinoma cell line.^[@bib39]^ CDK2 is a member of the cyclin-dependent kinase family, which is essential for the G1/S transition and negatively regulated by p21^Cip1^ (CDKN1A) and p27^Kip1^ (CDKN1B).^[@bib55]^ We confirmed that CDK2 was one of miR-223 targets by using a dual luciferase reporter system, and the expression level of CDK2 could be modulated by miR-223 in Hepa1-6 cells *in vitro*. The upregulation of miR-223 was negatively associated with the decrease in CDK2 in the TS rat liver. Our data suggested that the elevated levels of miR-223 in hepatocytes could contribute to the decreased expression of the positive cell control factor CDK2, which helped to explain the reason for the dysregulated cell growth in the liver under SMG.

CUL1 is an essential rigid scaffold component of the SCF E3 ubiquitin ligase complex, which plays an important role in protein ubiquitination and degradation of p27 to control the cell cycle transition.^[@bib48],\ [@bib56]^ It is well known that p27 is a universal cyclin-dependent kinase inhibitor, which binds several different classes of cyclin and Cdk molecules, such as cyclin D, Cdk4, Cdk1, cyclin E/Cdk2 and cyclin A/Cdk2 to control cell proliferation and tumor progression.^[@bib57],\ [@bib58],\ [@bib59]^ Here we demonstrated that CUL1 was a direct target of miR-223 and that the p27 protein level was negatively correlated with CUL1 and positively associated with miR-223 in the TS rat liver and miR-223-transfected Hepa1-6 cells. Overexpression of CUL1 promoted cell proliferation via control of the cell cycle progression, which was facilitated by the degradation of p27 through the functional SCF^skp2^ complex.^[@bib60]^ c-Myc enhanced ubiquitin-dependent p27 proteolysis by directly activating expression of the CUL1 gene.^[@bib61]^ Moreover, cyclin-CDK2 phosphorylated the threonine-187 on p27, which facilitated its interaction with SCF and resulted in degradation.^[@bib62]^ The inhibition of CDK2 and CUL1 by miR-223 was associated with the elevation of p27 to inhibit hepatocyte proliferation in rats under SMG. The increased p27 protein levels were also consistent with the decreased mRNA level of *CCNA2*, *CCND1* and *CDK1* in the rat liver under SMG. Interestingly, binding of p27 to mature miR-223 was shown to protect miR-223 from degradation in breast cancer.^[@bib63]^ Our study, together with the results of previous studies, highlighted the complexity of miR-223 and p27 in cell cycle control. It is worth evaluating the changes of miR-223 and the rescue capability of miR-223 knockdown on hepatocyte proliferation in the liver during long-term spaceflight or SMG. Therefore, our findings suggest that miR-223/CDK2/CUL1/p27 signaling may play an important regulatory role in hepatocytes under SMG.

Collectively, miRNAs have been shown to have specific biological functions under microgravity. We demonstrated herein that elevated miR-223 in the rat liver was accompanied by inhibition of hepatocyte proliferation under SMG and discovered that a miR-223/CDK2/CUL1/p27 signaling pathway in the liver served as a pivotal anti-cell proliferation factor ([Figure 6e](#fig6){ref-type="fig"}). Our findings provide evidence for a new role for miR-223 in the regulation of the physiological and pathological function of the liver relevant to with clinical relevance and relevance to future spaceflight.
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![Liver function was impaired under SMG. SMG significantly increased the serum levels of ALT and AST but decreased the serum level of ALP after TS for 14, 28 and 42 days (TS-14, TS-28 and TS-42) compared with that in the control group. *n*=10. \**P*\<0.05 compared to Control. ALT, alanine aminotransferase; AST, aspartate aminotransferase; SMG, simulated microgravity.](emm201780f1){#fig1}

![The effect of SMG on hepatocyte proliferation. (**a**) Immunostaining analysis of Ki67 (left panels), PCNA (center panels) and PH3 (right panels) in the rat liver of the control, TS-14, TS-28 and TS-42 groups. Scale bar, 50 μm. (**b**) Quantification of the Ki67-, PCNA- and PH3-positive cell number in the liver of the control, TS-14, TS-28 and TS-42 groups, *n*=6. (**c**) RT-qPCR analysis of gene expression related to cell cycle regulation such as *CCNA2*, *CCND1*, *CDK1*, *CDK2* and *FOXM1* in the rat liver of the control and TS groups. *n*=6. (**d**) Protein levels of PCNA, cyclin D1, cyclin D3 and CDK2 were analyzed by western blotting. *n*=3. The intensity of the protein bands was semi-quantitatively analyzed using ImageJ software. \**P*\<0.05, ^\*\*^*P*\<0.01 compared to Control. SMG, simulated microgravity; TS, tail suspension.](emm201780f2){#fig2}

![Expression changes of miRNA related to cell cycle control in the rat liver under SMG. RT-qPCR analysis of miRNA expression related to cell cycle control, including miR-223, miR-9a, miR-27a, miR-133a, miR-145, miR-150-5p, miR-153, miR-229a and miR-229b in the rat liver of the control, TS-14, TS-28 and TS-42 groups. *n*=6, \**P*\<0.05, ^\*\*^*P*\<0.01 compared to Control. RT-qPCR, reverse transcription-quantitative polymerase chain reaction; SMG, simulated microgravity; TS, tail suspension.](emm201780f3){#fig3}

![miR-223 suppressed Hepa1-6 cell proliferation *in vitro*. (**a**) The relative viability of Hepa1-6 cells was assessed with the MTS assay at different time points after transfection with miR-223 mimic or negative control. (**b**) Protein expression of the proliferation regulators PCNA and cyclin D1 in Hepa1-6 cells was examined 48 h after transfection with miR-233 mimic or the negative control by western blotting and semi-quantitatively analyzed using ImageJ software. \**P*\<0.05, ^\*\*^*P*\<0.01 compared to Control.](emm201780f4){#fig4}

![CDK2 and CUL1 were the direct targets of miR-223. Schematic representation of the luciferase constructs used for reporter assays. The miR-223 target sites within the 3′-UTR of CDK2 (**a**) and CUL1 (**b**) are shown as black boxes. The sequences below indicated the putative miR-223 target sites on the wild-type (WT) and mutated (MUT) constructs. The miR-223-binding sites and seed sequences are marked with bold italics. (**c**, **d**) Effects of miR-223 on the luciferase activity of the reporter gene in the WT or mutated vector in Hepa1-6 cells. *n*=3. (**e**) CDK2 and CUL1 protein expression in Hepa1-6 cells was examined after transfection with miR-233 mimic and negative control for 48 h and semi-quantitative evaluation using ImageJ software. mRNA (**f**) and protein (**g**) expression of CUL1 analyzed in the rat liver of the control and TS groups. *n*=6, \**P*\<0.05, ^\*\*^*P*\<0.01 compared to Control.](emm201780f5){#fig5}

![Upregulation of p27 expression *in vitro* and *in vivo*. (**a**) Immunofluorescence staining of p27 in the rat liver of the control, TS-14, TS-28 and TS-42 groups. Images were captured by a Leica TCS SP5 confocal scanning laser microscope. p27 in red (Cy3); nuclei in blue (DAPI). Scale bar, 50 μm. (**b**) Quantification of the number of p27-positive cells in the liver of the control, TS-14, TS-28 and TS-42 groups. *n*=6. (**c**) p27 protein expression level in the TS liver was significantly elevated compared with that of the control as shown by western blotting and semi-quantitative evaluation using ImageJ software. (**d**) The expression of the p27 protein in Hepa1-6 cells was examined 48 h after transfection with miR-233 mimic and negative control by western blotting and semi-quantitatively evaluated using ImageJ software. \**P*\<0.05, ^\*\*^*P*\<0.01 compared to Control. (**e**) Diagram illustrating the regulatory hierarchy among miR-223 and its targets CDK2 and CUL1 in the control of hepatocyte proliferation.](emm201780f6){#fig6}
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